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2.2.1		 Snow	Water	Equivalent		 Depth,	density,	and	water	equivalent	are	the	three	most	important	physical	properties	of	a	snowpack	(Pomeroy	and	Gray,	1995).	Snow	depth	at	a	point	scale	can	be	easily	measured	with	the	use	of	a	ruler	or	rod	where	the	measuring	device	is	pushed	into	the	snowpack	to	the	ground	and	the	depth	directly	observed	(Goodison	et	al.,	1981).	Snow	markers	can	be	used	in	remote	locations	with	the	depth	of	snow	observed	from	ground	locations	or	via	aircraft	with	binoculars	or	telescopes.	Snow	depth	can	also	be	measured	using	sonar	(Gubler,	1981;	Goodison	et	al.,	1984;	Goodison	et	al.,	1988).	With	the	sonar	method,	an	ultrasonic	pulse	is	sent	towards	the	snowpack	from	a	downward	facing	horn	at	some	known	fixed	distance	above	the	ground.	The	time	it	takes	for	the	echo	to	be	recorded	along	with	the	air	temperature	to	determine	the	relevant	speed	of	sound	provides	the	depth	of	snow.	At	larger	scales,	snow	depth	can	be	measured	using	remote	sensing	techniques	(Dietz	et	al.,	2012).			 At	point	scales,	the	standard	method	for	measuring	the	density	of	a	snowpack	is	the	gravimetric	method	with	the	aid	of	snow	pit	(Pomeroy	and	Gray,	1995).	Snow	samples	are	
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2.2.4		 Snow	tubes	and	snow	surveys		 One	of	the	most	common	methods	for	measuring	SWE	is	the	gravimetric	method	with	the	use	of	a	snow	tube	(Goodison	et	al.,	1981).	The	snow	tube,	composed	of	a	graduated	hollow	tube	with	sharp	cutting	teeth	is	used	to	collect	a	snow	core.	The	snow	core	is	then	weighed	or	melted	to	obtain	the	water	equivalent.	Snow	tube	measurements	provide	a	point	measurement	of	SWE.	Snow	cores	can	be	taken	along	snow	courses	(transects	established	for	reoccurring	measurements)	or	in	grid	patterns	to	obtain	a	snow	survey	of	a	landscape	or	field,	i.e.	a	large	scale	measurement	(Dixon	and	Boon,	2012).	Since	snow	surveys	are	less	destructive	to	the	snowpack,	they	are	generally	preferred	for	measuring	spatially	distributed	SWE	in	larger	areas	over	snow	pit	measurements	(Church,	1933;	Goodison	et	al.,	1987).	Snow	pits	can	be	used	to	measure	SWE	by	taking	snow	samples	throughout	the	profile	of	a	pit	(Elder	et	al.,	1998).	Snow	surveys	are	also	more	suited	for	shallow	snowpacks	and	are	less	time	consuming	than	snow	pit	measurements.			 In	Canada,	the	commonly	used	snow	tubes	types	are	Standard	Federal,	Snow	Hydro,	and	Meteorological	Service	of	Canada	(MSC).	The	Standard	Federal	is	the	most	commonly	used	sampler	in	North	America	and	the	oldest,	first	used	in	the	early	1930s	(Clyde,	1932;	Goodison	et	al.,	1981).	It	was	primarily	designed	for	alpine	snowpacks	with	its	relatively	small	diameter	aluminum	sampler	tube	with	depth	measurement	slots.	With	all	of	the	attachments,	it	is	capable	of	taking	a	sample	up	to	5	m	deep.	The	Standard	Federal	snow	sampler	kit	is	accompanied	by	a	calibrated	spring	scale	that	allows	for	the	reading	of	SWE	at	the	location	of	sampling	(Clyde,	1932).	However,	the	scale	is	known	to	be	quite	inaccurate	if	in	the	presence	of	windy	conditions,	thus	it	is	better	practice	to	weigh	samples	indoors	on	a	stationary	calibrated	balance.		
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		 	 	 	 						𝜃! = !!×!!"!!! !!! − 𝑎!×𝜌!" 							 	 	 	 	 (2.3)		where	θv	is	volumetric	soil	water	content	(cm3	cm-3)	,	N	is	the	measured	moderated	neutron	intensity	(neutron	counts	per	hour),	N0	is	the	calibrated	moderated	neutron	intensity	(neutron	counts	per	hour),	and	𝑎!,	𝑎!,	and	𝑎!	are	unitless	fitting	parameters.	The	parameters	a0,	a1,	and	
a2	are	fitting	parameters	found	by	Desilets	et	al.,	(2010)	and	are	considered	to	be	constant	in	all	soil	types	and	over	time.	The	average	bulk	density	(ρbd)	of	the	site	is	needed	to	obtain	volumetric	soil	moisture	content.	To	calibrate	the	CRP	and	find	N0,	the	average	θv	within	the	CRP	footprint	is	measured	from	soil	samples	(0-30	cm)	taken	along	radials	25,	75,	and	200	m	away	from	the	CRP.		 The	hmf-method,	developed	by	Franz	et	al.	(2013a),	is	deemed	a	universal	calibration	function	and	was	created	to	use	when	site-specific	in-situ	calibration	soil	water	content	measurements	cannot	be	obtained.	The	hmf-method	is	based	on	an	assumed	monotonic	relationship	between	the	total	hydrogen	inside	the	CRP	measurement	footprint	and	the	moderated	neutron	flux.	The	amount	of	hydrogen	inside	the	CRP	footprint	is	calculated	from	summing	the	hydrogen	moles	from	pore	water,	lattice	water,	soil	organic	matter,	and	vegetation	based	on	a	small	amount	of	soil	samples	or	estimates.	The	total	hydrogen	moles	is	then	divided	by	the	sum	of	all	moles	of	all	elements	in	the	CRP	footprint	including	air,	dry	above	ground	biomass,	water,	and	dry	soil	to	obtain	the	hydrogen	molar	fraction	(hmf).	The	total	air	and	soil	elements	considered	are	nitrogen,	oxygen,	silicate,	hydrogen,	and	carbon	to	simplify	the	process.	The	measured/estimated	hydrogen	molar	fraction	is	then	used	with	the	measured	moderated	neutron	flux	to	calibrate	the	CRP	using	the	following	equation:		
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neutrons	that	have	entered	the	tube.	The	CRP	has	both	a	slow	neutron	(lower	energy)	counter	tube	and	a	moderated	neutron	counter	tube.	The	moderated	neutron	counter	tube	measures	the	moderated	neutron	intensity	during	a	specific	time	interval,	which	is	used	for	calculating	SWC.			 The	CRP	was	installed	in	the	center	of	the	ASCS	site,	near	the	center	of	plot	16,	at	the	beginning	of	summer	in	2014	and	2015.	The	CRP	collected	moderated	neutron	intensity	(neutron	counts	per	hour)	from	the	end	of	May	to	the	end	of	October	in	2014,	and	from	the	beginning	of	June	to	the	end	of	October	in	2015.	Moderated	neutron	intensity	above	the	soil	surface	is	affected	by	atmospheric	pressure,	air	humidity,	and	the	time-varying	incoming	cosmic	ray	flux.	Thus,	the	raw	moderated	neutron	intensity	values	must	be	corrected	for	these	three	variables	before	estimating	SWC	from	the	moderated	neutron	counts.	Correcting	the	moderated	neutron	intensity	values	is	accomplished	by	multiplying	the	raw	moderated	neutron	counts	by	a	final	correction	factor	composed	of	correction	factors	for	atmospheric	pressure,	air	humidity,	and	temporal	variation	of	incoming	cosmic	ray	flux.	The	final	correction	factor	(Ffinal)	has	the	following	equation	(Zreda	et	al.,	2012):		 𝐹!"#$% = 𝐹! ∙ 𝐹! ∙ 𝐹! 	 	 	 	 	 (3.1)		where	Fp,	Fw,	and	Fi	are	the	correction	factors	for	air	pressure,	humidity,	and	variations	of	incoming	cosmic	ray	flux,	respectively.	Fp	is	calculated	using	the	following	equation:		
𝐹! = 𝑒(!!!!"#! )	 	 	 	 	 	 (3.2)		
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where	P	and	Pref,	both	in	hPa,	are	air	pressure	at	the	CRP	location	during	the	time	of	neutron	intensity	measurement	and	reference	air	pressure.	L	is	the	mass	attenuation	length	and	is	a	function	of	the	average	air	pressure,	atmospheric	depth,	and	effective	vertical	cutoff	rigidity	(Desilets	and	Zreda,	2003).	For	the	ASCS	site,	L	is	129.73.	The	CRP	records	air	pressure	readings	with	every	neutron	count,	but	additional	air	pressure	measurements	were	obtained	from	a	WeatherHawk	Weather	Station	(WeatherHawk,	UT,	USA)	installed	at	the	study	site.	The	reference	air	pressure	can	be	either	the	average	air	pressure	at	sea	level,	or	the	average	air	pressure	at	the	site	where	the	CRP	is	located	(Zreda	et	al.,	2012).	We	chose	to	use	the	average	air	pressure	at	the	ASCS	site	for	the	air	pressure	correction	(972	hPa).		 Fw,	the	air	humidity	or	water	vapor	correction	factor	is	estimated	with	the	following	equation	(Rosolem	et	al.,	2013):		 𝐹! = 1 + 0.0054 ∙ (𝑝! − 𝑝!"#$)				 	 	 	 (3.3)	where	pv	(g	m-3)	is	the	absolute	humidity	at	the	time	of	moderated	neutron	measurement,	and	
pvRef	is	the	reference	absolute	humidity	chosen	to	be	the	value	at	the	time	of	CRP	calibration.	The	WeatherHawk	was	used	to	measure	relative	humidity	and	air	temperature	for	calculating	absolute	humidity	(see	Appendix	C	for	absolute	humidity	calculation).			 Since	the	incoming	cosmic	ray	flux	varies	with	time,	a	correction	must	be	applied	to	the	moderated	neutron	data	in	order	to	compare	CRP	readings.	The	temporal	variation	of	cosmic	ray	flux	is	found	with	data	from	neutron	monitors	and	the	following	equation:		 𝐹! = !!"#!!" 	 	 	 	 	 	 	(3.4)		
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Area	cover	weight	 Weighted	fraction	Peat	 5.47	 0.37	 0.0203	SSM	 1.13	 0.32	 0.0036	Bm	 0.17	 0.04	 0.0001	Sub	soil	 0.73	 0.08	 0.0006	B/C	 0.20	 0.00	 0.000	Overburden	 1.87	 0.19	 0.0036		
	
3.4.6		 Horizontal	weighting	of	soil	moisture	network	measurements			 The	horizontal	sensitivity	of	the	CRP	must	be	taken	into	account	when	comparing	SWC	measurements	from	soil	samples	or	soil	sensors	to	CRP-estimated	SWC.		The	SWC	measured	from	the	soil	samples	in	this	study	did	not	need	horizontal	weighting	because	the	sampling	pattern	employed	already	incorporates	the	necessary	weighting	(Franz	et	al.,	2012b).	There	were	an	equal	number	of	sampling	points	(six)	evenly	spaced	along	each	of	the	four	radials	meaning	there	was	the	least	distance	between	points	along	the	25	m	radial	and	increasing	distance	between	points	on	the	75,	200,	and	300	m	radials.	Therefore	a	simple	arithmetic	mean	was	used	for	calculating	the	average	SWC	from	the	soil	samples	before	applying	vertical	weighting.			 The	CS616	probes,	however,	did	need	horizontal	weighting	since	they	were	not	positioned	in	the	same	manner	as	the	soil	sampling	locations.	To	compare	sensor	estimate	of	SWC	to	the	CRP	estimates,	the	horizontal	weighting	method	presented	by	Bogena	et	al.	(2013)	was	used.	Bogena	et	al.	(2013)	fitted	a	polynomial	curve	to	the	relationship	between	CRP	measurement	footprint	radius	and	cumulative	fraction	of	neutron	counts	(CFoC).	The	fitted	polynomial	to	calculate	CFoC	based	on	the	CRP	footprint	radius	is:	
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𝜃 ℎ = 𝜃! + !!!!!!! !! ! !    ℎ < 0𝜃!                          ℎ ≥ 0	 	 	 	 (3.12)		
𝐾 ℎ = 𝐾!𝑆!!.! 1 − 1 − 𝑆!!.!/! ! !	 	 	 	 (3.13)		 𝑆! = !!!!!!!!!	 	 	 	 	 	 	 (3.14)		 𝑚 = 1 − !!           𝑛 > 1		 	 	 	 	 (3.15)		where,	θs	and	θr	are	saturated	and	residual	water	contents	(cm3	cm-3),	h	is	pressure	head	(cm),	
α	is	the	inverse	of	the	air-entry	value	(cm-1),	n	is	a	pore-size	distribution	index,	and	Ks	is	saturated	hydraulic	conductivity	(cm	h-1).	The	parameters	used	during	the	simulations	are	shown	in	Table	3.3.	The	parameters	θs,	θr,	and	Ks,	although	different	between	peat	and	SSM,	were	kept	constant	during	all	simulations.	Only	the	α	and	n	parameters	were	optimized	for	the	peat	and	SSM	using	the	CRP-estimated	water	content	reading.	The	θr,	θs,	and	Ks	parameters	for	the	peat	were	estimated	based	on	findings	by	Letts	et	al.	(1999)	on	peat	soils.	Peat	soils	can	have	θs	values	as	high	as	0.9	cm3	cm-3,	but	since	the	peat	has	a	mineral	soil	component	a	value	of	0.7	cm3	cm-3	was	assumed.	The	θr,	θs,	and	Ks	parameters	for	the	SSM	were	estimated	from	the	texture	of	the	sandy	material	and	the	Neural	Network	Prediction	within	the	HYDRUS-1D	software.	The	HYDRUS-1D	Neural	Network	Prediction	was	also	used	to	obtain	the	van	Genuchten-Mualem	parameters	for	the	underlying	sub	soil	sand.			
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4.4.3		 Raw	moderated	neutron	correction			 		 Before	further	analysis	of	the	hourly	neutron	count	rates	from	the	CRP,	the	raw	neutron	counts	must	be	corrected	for	differences	in	air	pressure,	atmospheric	water	vapor,	and	the	temporal	variation	of	incoming	cosmic	ray	flux.	Corrected	neutron	counts	are	attained	from	multiplying	the	raw	counts	by	correction	factors:		 𝑁!"# = 𝑁!"# ∙ 𝐹! ∙ 𝐹! ∙ 𝐹! 			 	 	 	 (4.1)		where	NCOR	is	the	corrected	moderated	neutron	count,	NRAW	is	the	raw	moderated	neutron	count,	Fp	is	the	air	pressure	correction	factor,	Fw	is	the	atmospheric	water	vapor	correction	factor,	and	Fi	is	the	variation	of	incoming	cosmic-ray	flux	correction	factor.		 Correcting	for	differences	in	air	pressure	is	important	since	the	incoming	cosmic-ray	flux	is	attenuated	with	increasing	nuclei	present	in	the	atmosphere	i.e.	as	air	pressure	increases	(Desilets	and	Zreda,	2003).	Fp	is	calculated	with	the	following	equation:	𝐹! = 𝑒(!!!!! )		 	 		 	 	 	 (4.2)	where	e	is	the	natural	exponential.	P	is	the	measured	air	pressure	(hPa)	at	the	site	during	the	moderated	neutron	count	time.	Air	pressure	was	measured	near	the	CRP	using	a	WeatherHawk	232	Direct	Connect	Weather	Station	(WeatherHawk,	UT,	USA).	P0	is	a	reference	air	pressure	chosen	to	be	1013	hPa	(average	sea-level	air	pressure).	L	represents	the	mass	attenuation	length	(g	cm-2),	which	is	a	function	of	latitude	and	atmospheric	depth	(Desilets	and	Zreda,	2003).	The	mass	attenuation	length	for	Saskatoon	was	found	to	be	130.24	g	cm-2.		 Since	neutron	counts	are	mainly	related	to	the	amount	of	hydrogen	molecules	in	an	area,	raw	moderated	neutron	counts	must	also	be	corrected	for	differences	in	atmospheric	
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Table	D.2.	Meteorological	conditions	used	in	HYDRUS-1D	simulations.	Time	(day)	 Precipitation	(cm/day)	 Temperature	Max	(˚C)	 Temperature	Min	(˚C)	
1	 0.0	 11.2	 7.9	
2	 3.4	 9.6	 5.6	
3	 0.7	 15.6	 7.6	
4	 0.0	 18.7	 6.3	
5	 0.3	 20	 8.1	
6	 0.1	 25.1	 9.3	
7	 0.7	 18.4	 7.9	
8	 0.1	 11.5	 6.8	
9	 0.0	 12	 4.7	
10	 0.0	 14.8	 3.8	
11	 0.0	 16.8	 5.2	
12	 0.0	 21.8	 4	
13	 1.0	 15.5	 9.6	
14	 0.0	 21.9	 7.8	
15	 0.6	 21.7	 7.4	
16	 0.0	 22.1	 7.4	
17	 0.0	 24.8	 8.7	
18	 0.0	 28.4	 11.7	
19	 0.0	 28.1	 11.7	
20	 0.0	 26.7	 10.6	
21	 0.0	 22.6	 12.8	
22	 0.0	 27.2	 11.4	
23	 0.0	 22.1	 13.7	
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24	 0.1	 22.4	 15.9	
25	 1.0	 20.1	 14.8	
26	 0.2	 23.6	 15.1	
27	 0.0	 24.9	 15.1	
28	 0.3	 29.4	 15.4	
29	 0.1	 29.7	 16.3	
30	 0.0	 26.5	 16.4	
31	 0.2	 28	 15.5	
32	 0.0	 28.4	 12.7	
33	 0.0	 28.4	 16.9	
34	 0.0	 26.1	 16.8	
35	 0.2	 27.6	 13	
36	 0.0	 30.7	 13.9	
37	 0.3	 30.9	 17.8	
38	 0.1	 28.8	 15.5	
39	 0.0	 29	 11.8	
40	 1.8	 28.4	 13.4	
41	 0.3	 22.8	 13.4	
42	 0.6	 27.7	 11.6	
43	 0.5	 29.1	 15.9	
44	 0.7	 22.6	 11.7	
45	 0.0	 23.9	 10.2	
46	 0.0	 22.2	 9.4	
47	 0.0	 27	 9.5	
48	 0.0	 32.7	 14.2	
49	 0.0	 31.6	 17.7	
50	 0.1	 24.4	 16.7	
51	 0.0	 26.2	 12.2	
52	 0.0	 27.1	 12.5	
53	 0.5	 22.6	 13	
54	 0.0	 22.8	 11	
55	 0.0	 25.7	 7.7	
56	 0.0	 30.2	 11.6	
57	 0.0	 29.7	 13.5	
58	 0.0	 29.1	 17.2	
59	 2.1	 29.4	 16.8	
60	 1.0	 28.3	 15.1	
61	 0.0	 28.3	 16.1	
62	 0.0	 29.6	 15.2	
63	 0.0	 32.2	 15.2	
64	 0.3	 34.5	 15.5	
65	 0.2	 25.2	 15	
66	 0.0	 22.6	 10.2	
67	 0.0	 29.2	 11.1	
68	 0.0	 31.6	 13.1	
69	 0.0	 31.6	 14.3	
70	 0.0	 32.1	 15.5	
71	 0.5	 31.5	 17.3	
72	 0.0	 25.9	 13.9	
73	 0.0	 23.2	 11.6	
74	 0.8	 22.4	 11	
75	 0.0	 26.8	 10	
76	 0.0	 30.5	 12.2	
77	 0.0	 30.1	 12.9	
78	 0.0	 31.8	 16.4	
79	 0.0	 31.4	 18.3	
80	 0.0	 32.9	 14.3	
81	 0.0	 31.9	 16.4	
82	 0.0	 31.3	 17.4	
83	 0.0	 23.7	 12.3	
84	 2.3	 26.8	 13.5	
85	 0.0	 15.6	 9.8	
86	 0.0	 16.6	 4.9	
87	 0.0	 18.5	 2.5	
88	 0.0	 19.7	 5.4	
89	 0.0	 21.8	 6.3	
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90	 0.0	 24	 10.9	
91	 0.7	 26.7	 12.3	
92	 0.1	 22.8	 12.3	
93	 0.0	 15.7	 7.4	
94	 0.0	 23.1	 5.2	
95	 1.7	 18.3	 10.7	
96	 0.9	 23.1	 9.3	
97	 0.8	 21.9	 8.9	
98	 0.0	 19.4	 5.8	
99	 0.0	 21.3	 5.8	
100	 0.2	 19.6	 8.2	
101	 0.0	 12.6	 3.4	
102	 0.3	 8.9	 4.4	
103	 0.1	 7.8	 2.4	
104	 0.0	 7.6	 -0.3	
105	 0.0	 9.2	 0.9	
106	 0.0	 10.1	 1.1	
107	 0.0	 15.6	 -1.4	
108	 0.0	 14.8	 4.6	
109	 0.0	 13.4	 -1.2	
110	 0.0	 20.4	 1.4	
111	 0.0	 22.6	 4.5	
112	 0.0	 16.8	 4.8	
113	 0.0	 14.9	 4.4	
114	 0.0	 22.9	 6	
115	 0.1	 23	 9.7	
116	 0.3	 21.4	 9.1	
117	 0.0	 27.8	 8	
118	 0.0	 29.2	 11.2	
119	 0.1	 26	 12.1	
120	 0.0	 19.3	 7.8	
121	 0.1	 14.5	 8.1	
122	 2.0	 8.4	 3.2	
123	 0.1	 13.8	 3.3	
124	 0.0	 14.4	 0.9	
125	 0.0	 18.1	 4.8	
126	 0.2	 15.4	 6.8	
127	 0.3	 7.9	 0.8	
128	 0.1	 4.7	 -0.6	
129	 0.0	 6.4	 -4	
130	 0.0	 7.3	 0.8	
131	 0.0	 16.8	 4.4	
132	 0.0	 8.1	 4.5	
133	 0.0	 11.2	 1.2	
134	 0.0	 9.3	 -2.1	
135	 0.0	 15	 0	
136	 0.0	 19.2	 2.6	
137	 0.0	 18.2	 7.7	
138	 0.0	 18.8	 3.2	
139	 0.0	 11.5	 1.6	
140	 0.0	 9.3	 4.2	
141	 0.0	 9.1	 0.3	
142	 0.0	 3.8	 -0.1	
143	 0.0	 12.8	 0	
144	 0.0	 11.4	 5.8	
145	 0.0	 19.1	 3.5	
146	 0.0	 13.5	 3.3	
147	 0.0	 12.1	 4.2	
 
